esis (1, 2) . In the absence of kisspeptin signaling, GnRH secretion is markedly impaired, resulting in hypogonadotropic hypogonadism, and human patients with mutations in the genes for kisspeptin (KISS1) or its receptor (KISS1R; formerly called GPR54) and mice carrying targeted deletions in Kiss1 or Kiss1r fail to undergo sexual maturation and are infertile (1) (2) (3) (4) (5) (6) (7) .
Based on a number of studies, extrahypothalamic kisspeptin signaling has been proposed as a regulator of placentation and pregnancy. These studies include the observations that KISS1 and KISS1R mRNA are expressed at high levels in the placenta (8) and that in nonpregnant women, plasma concentrations of immunoreactive kisspeptin are very low (ϳ1 fmol/mL), whereas in pregnant women kisspeptin levels increase dramatically, 940-fold in the first trimester and about 7000-fold in the third trimester (9) . Kisspeptin also increases extravillous trophoblast adhesion in vitro (10) , and this might in part account for the decrease in extravillous trophoblast invasion also observed in vitro (8) . In addition to being expressed in the human placenta (8 -10) , KISS1 and KISS1R are also expressed in the human female genital tract (11) . Collectively these findings suggest that kisspeptin is important for embryonic implantation, placentation, and pregnancy, independent of its effects on GnRH secretion.
To assess the role of kisspeptin in pregnancy in vivo, we have examined the ability of Kiss1 Ϫ/Ϫ and Kiss1r Ϫ/Ϫ mice to become pregnant. Because an intact hypothalamic-pituitary-gonadal axis is required both for ovulation and for pregnancy maintenance, exogenous hormone replacement regimens were used to overcome the hormonal deficiencies of these mutant mice. This allowed us to determine whether mice defective in kisspeptin signaling have intrinsic, hormone-independent defects in the ability to achieve and maintain pregnancy.
Materials and Methods

Mice
Kiss1 Ϫ/Ϫ (Kiss1 tm1Rla ) and Kiss1r Ϫ/Ϫ (Kiss1r tm1Rla ) mice were generated as previously described (5) . Animals were housed at the London Regional Cancer Program Animal Facility (London, Ontario, Canada) at controlled temperature and a 12-hour light, 12-hour dark cycle. Animal care and handling were done according to the guidelines of the University of Western Ontario (Canada) Animal Care Committee approved by the Canadian Council on Animal Care.
For the following methods, please refer to Figure 1 .
Standard superovulation protocol
Kiss1 Ϫ/Ϫ , Kiss1r Ϫ/Ϫ , and wild-type (WT) female mice, 6 -8 weeks old, were administered 7.5 IU pregnant mare serum gonadotrophin (PMSG; Folligon; Intervet) ip followed 48 hours later by 7.5 IU human chorionic gonadotropin (hCG; Chorulon; Intervet) ip Immediately after the hCG injection, mice were mated to WT males. The day of mating is defined as day 0. Only females that showed a copulatory plug (evidence of successful mating) on the morning of day 1 were studied further.
17␤-Estradiol (E2) priming/superovulation protocol
Four-week-old Kiss1
Ϫ/Ϫ and Kiss1r Ϫ/Ϫ female mice received seven to nine injections of E2 (Sigma) 1 g in 100 L sesame oil (Sigma) per injection sc every 3-4 days over a 4-week period. Three to four days after the last E2 injection, E2-primed mice underwent superovulation as described above. Mice were approximately 9 weeks old at the end of this treatment.
E2/gonadotropin priming/superovulation protocol
Four-week-old Kiss1 Ϫ/Ϫ , Kiss1r Ϫ/Ϫ , and WT female mice received seven to nine E2 injections over a 4-week period as described above. Coincident with the last E2 injection, mice received 7.5 IU PMSG/7.5 IU hCG ip. Three to four days later, mice received 7.5 IU PMSG/1.0 IU hCG ip and 48 hours later 7.5 IU hCG ip. Immediately after the final hCG injection, mice were mated to WT males. Mice were approximately 9 weeks old at the end of this treatment.
Progesterone (P4) supplementation
E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females received a single injection of P4 (1 mg in 100 L peanut oil; Sigma) sc either once on the third day (day 3) after mating or daily from day 3 to day 17. E2 (20 ng in 100 L peanut oil) was injected sc on day 4 to further induce uterine receptivity (12) .
Isolation and characterization of preimplantation embryos
Time after hCG was used to determine the developmental age of the embryos. Preimplantation embryos were collected at 66 hours (eight cell stage) from both the oviduct and the uterus (for the Kiss1 ϩ/Ϫ embryo transfer study, see below), and on day 4 from the uterus (for characterizing preimplantation embryonic development, see Table 1 ) (13) . Embryos were flushed from the reproductive tract using M2 medium (Sigma).
Leukemia inhibitory factor (Lif) supplementation
E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females received single P4 (1 mg) injections sc daily from the third to the ninth day (day 3 to day 9) after mating. On day 4 at 10:00 AM, mice received a single E2 (20 ng) injection sc that was coadministered with the P4 injection; 4 -6 hours later they were given a single ip injection of Lif (Escherichia coli-derived recombinant mouse Lif; eBioscience, Inc) 10, 12.5, or 17 g. Lif dosing was based on previous studies (14, 15) . On day 10, mice were killed by CO 2 exposure followed by cervical dislocation, and uteri were examined for embryo implantation sites.
LH, P4, and prolactin (PRL) assays
Serum LH, P4, and PRL were measured by the Endocrine Technology and Support Lab, Oregon National Primate Research Center (Beaverton, Oregon). Blood was allowed to clot at room temperature for 120 minutes. The clot was then removed with a wooden applicator stick and the remaining serum centri-fuged at 2000 ϫ g for 20 minutes at room temperature. LH was analyzed by a traditional double-antibody RIA procedure similar to that described previously (16) . The detection limit of the assay was 0.1-0.2 ng/mL. The interassay variation was less than 12% and the intraassay variation was less than 8%. P4 was measured by ether extraction RIA (17) . The detection range of the assay was 0.17-25 ng/mL. The overall interassay variation was less than 15% and the intraassay variations were 10% or less. PRL was determined using a commercial ELISA kit (Abcam catalog number 100736) calibrated specifically for the mouse. This assay has a range of 27.43-20 000 pg/mL. The intra-and interassay variations were less than 5% and 10%, respectively.
Kisspeptin replacement
E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ and superovulated WT mice were implanted sc with osmotic minipumps (Alzet model 2001) that delivered Kp-10 (Sigma) at a rate of 0.25 nmol/h (1 L/h) or vehicle alone (PBS) for 8 days. Implantation was done on the morning of day 0 (the day of mating), 2 days after the mice received 7.5 IU PMSG/1.0 IU hCG. On the afternoon of day 0, mice were administered 7.5 IU hCG ip and mated immediately afterward to WT males. On the morning of day 8, the mice were anesthetized by CO 2 exposure followed by cervical dislocation, and blood was collected immediately afterward by cardiac puncture. Uteri were examined for embryo implantation sites. In a companion study designed to determine the effect of prolonged kisspeptin (Kp)-10 on Kiss1r signaling, 6-to 8-weekold WT female mice were ovariectomized and one week later were separated into four groups. Each group was implanted sc with osmotic minipumps that delivered PBS to two groups for 8 days or Kp-10 (Sigma) 1.0 l (0.25 nmol)/h to the remaining two groups for 8 days. On the morning of the eighth day, one PBSand one Kp-10-infused group received 100 L of PBS ip, whereas one PBS-and one Kp-10-infused group received 100 L (50 nmol) of Kp-10 ip. Thirty minutes later, the mice were anesthetized by CO 2 exposure followed by cervical dislocation, and blood was collected immediately after by cardiac puncture.
Artificial decidualization
Experiments were conducted similarly to that described previously (14) . Six-week-old female Kiss1 Ϫ/Ϫ (n ϭ 4) and WT control (n ϭ 4) mice were bilaterally ovariectomized under isoflurane anesthesia. Approximately 2 weeks later, the mice were given daily sc injections of 100 ng of E2 (Sigma) prepared in sesame oil for 3 days. After 2 days of rest, the mice received daily injections of 1 mg P4 (Sigma) plus 10 ng of E2 prepared in sesame oil for 2 days. On the third day, under isoflurane anesthesia, 50 L of sesame oil was injected into the lumen of the left uterine horn as a decidual stimulus. After all of the surgical procedures, ketoprofen was given for 2 days for pain relief. Daily sc injections of P4 (1 mg) were continued for 4 days. On the fifth day, the uterus was removed and analyzed.
The following methods are described in the Supplemental Information: Kiss1 ϩ/Ϫ embryo transfer study; quantitative RT-PCR analysis of gene expression (Supplemental Table 3 ); histology; immunofluorescence analysis (Supplemental Table 4 ); immunohistochemistry (Supplemental Table 4 ); Western blotting (Supplemental Table 4 ); in situ analysis; and statistical analysis.
Results
Priming with both E2 and gonadotropins is required for follicular development in Kiss1
؊/؊ and
In Kiss1 Ϫ/Ϫ and Kiss1r Ϫ/Ϫ mice, follicular development stalls at the antral stage, and knockout females mated to WT males of proven fertility do not become pregnant (2) (3) (4) (5) . To determine whether the infertility in these animals was due solely to their neuroendocrine defects, we bypassed the gonadotropin deficiency of Kiss1 Ϫ/Ϫ and Kiss1r Ϫ/Ϫ female mice by administering exogenous gonadotropins using a standard superovulation protocol ( Figure 1 ). Treated female mice housed with fertile WT males (day 0) never displayed copulatory plugs, indicating that there was no successful mating. On day 4, gross examination revealed that the ovaries of gonadotropin- showed outward signs of being pregnant nor did they give birth. In striking contrast, WT females that underwent the superovulation protocol displayed copulatory plugs after mating and possessed larger genital tracts and an abundance of corpora lutea (CL) (Supplemental Figure 1A) . Preimplantation embryos could be obtained from superovulated WT females (Table 1) , and these mice exhibited successful pregnancies. We conclude that gonadotropin replacement administered through a standard superovulation protocol is not sufficient to restore follicular development and ovulation in Kiss1 Ϫ/Ϫ and Kiss1r Ϫ/Ϫ mice. In subsequent studies we focused our attention on Kiss1
female mice only. Because estradiol acts synergistically with FSH to enhance follicular proliferation and differentiation in hypophysectomized mice (18), we next determined whether E2 priming coupled to the standard superovulation protocol was sufficient to trigger follicular maturation and ovulation. We refer to this as the E2 priming/superovulation protocol ( Figure 1 ). In two independent trials, we found this treatment was sufficient to trigger ovulation. However, upon histological examination, we observed a large number of CL in the ovaries that contained unreleased eggs (data not shown).
We then tested whether E2 priming coupled to a brief period of gonadotropin priming followed by the standard superovulation protocol could rescue follicular development and trigger ovulation more efficiently. We refer to this as the E2/gonadotropin priming/superovulation protocol ( Figure 1 ). On the day after mating, approximately half of Kiss1 Ϫ/Ϫ females that underwent this protocol displayed a copulatory plug. Their ovaries contained multiple CL similar in size and number to those of age-matched WT females that had undergone either the standard superovulation protocol (Supplemental Figure 1 , A and C) or the E2/gonadotropin priming/superovulation protocol (data not shown). Furthermore, these CL did not contain unreleased eggs. Upon flushing the dissected uterine tracts, embryos were detected ranging from the eight-cell to blastocyst stages (Table 1 ). The numbers of total and viable embryos recovered from E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ and superovulated WT or E2/gonadotropin-primed/superovulated WT females were comparable (P Ͼ .05) ( Table 1) .
Based on the results from the three trials just described, we used the E2/gonadotropin priming/superovulation protocol for conducting subsequent studies. Importantly and irrespective of the protocol used, our data clearly revealed that the defects in the folliculogenesis and ovulation observed in mice deficient for kisspeptin signaling are secondary to their hypogonadotropic state.
E2/gonadotropin-primed/superovulated Kiss1
؊/؊ mice fail to achieve pregnancy due to defects in embryo implantation
Although the E2/gonadotropin priming/superovulation protocol successfully induced follicular maturation and ovulation in Kiss1 Ϫ/Ϫ mice, these mice failed to become pregnant after mating (n ϭ 3). In contrast, WT females that underwent the E2/gonadotropin priming/superovulation protocol went on to have successful and normal pregnancies. Mating plugs were observed in approximately 60% of E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females mated to WT males vs approximately 70% of WT females mated to WT males, and preimplantation embryos could be retrieved from the uterine tracts on day 4. Thus, the inability to achieve pregnancy could not be attributed to defects in mating, fertilization, or early development. Furthermore, because implantation sites were not detected on day 7 (n ϭ 3) or day 14 (n ϭ 2) in the dissected uterine tracts and unimplanted blastocysts could be flushed out of the uterus as late as day 7, failure to become pregnant was likely due to an implantation defect.
؊/؊ mice produce normal amounts of P4 Secretion of P4 by the CL is essential for the development of endometrial receptivity for blastocyst implantation and the maintenance of pregnancy (19) . To determine whether the implantation defect observed in Kiss1 Ϫ/Ϫ mice could be due to deficiency of P4, measurements of P4 were performed in Kiss1 Ϫ/Ϫ and WT mice on day 4 after mating ( Although no significant differences in serum P4 levels were found between the E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ and WT mice on day 4 after mating to WT males (Table 2) , it remains possible that subtle differences in P4 production could have resulted in impaired endometrial receptivity. To address this possibility, E2/ gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females were injected with P4 on the third day after mating followed by an E2 injection on day 4 (day of implantation) to potentiate uterine receptivity (12) . Although the P4 injection resulted in P4 levels in animals that were nearly 2-fold higher than that in noninjected E2/gonadotropin-primed/ superovulated Kiss1 Ϫ/Ϫ females [83.1 Ϯ 7.9 vs 44.3 Ϯ 10.3 ng/mL (Table 2) ], P4 and E2 treatment did not rescue implantation. To determine whether more prolonged exposure to P4 could rescue implantation, mice were injected repeatedly with P4 from day 4 through day 17; these mice also failed to become pregnant.
P4 and E2 receptors are expressed in the Kiss1
؊/؊ uterus Given the observation that E2 and P4 supplementation failed to rescue implantation, we considered the possibility that the expression of Pgr, Esr1, and Esr2, the genes encoding for the progesterone and estrogen receptors (␣ and ␤), respectively, was down-regulated in the Kiss1 Ϫ/Ϫ uterus, and thus, the uterus was unable to respond to these hormonal signals. However, in day 4 (1:00 PM) uterine tissue, RT-PCR analyses confirmed all genes were expressed at similar levels (P Ͼ .05) in both the superovulated WT and E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females (Figure 2 , A, D, and E). Western blot analyses revealed that both progesterone receptor (PR) isoforms and the estrogen receptor (ER)-␣ were also expressed at similar levels between WT and Kiss1 Ϫ/Ϫ mice ( Figure 2, B and F) . Additionally, the levels and spatial distribution of PR and ER␣, as determined by immunohistochemistry/immunofluorescence, were similar between the WT and Kiss1 Ϫ/Ϫ mice, with both receptors localized to the luminal and glandular epithelia and endometrial stromal cells (Figure 2 , C and G). Taken together, the data indicate that the expression of PR-A, PR-B, and ER␣ was similar between genotypes and therefore that changes in expression levels were not the cause of the implantation defect.
Implantation failure in Kiss1
؊/؊ mice is due to a maternal defect We found that E2/gonadotropin priming/superovulation restored follicular development, triggered ovulation, and generated functional CL in Kiss1 Ϫ/Ϫ females. Additionally, Kiss1 Ϫ/Ϫ oocytes were successfully fertilized in vivo. Despite their normal appearance, it was possible that some impairment in Kiss1 ϩ/Ϫ blastocysts was the underlying cause of implantation failure. To test this possibility, eight-cell Kiss1 ϩ/Ϫ embryos generated from E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females and eightcell WT control embryos from superovulated WT females (both mated to WT males) were transferred into the oviducts of a recipient WT female (n ϭ 3). Both WT and Kiss1 ϩ/Ϫ embryos implanted successfully and developed at a similar rate (Supplemental Figure 2) , leading us to conclude that the failure of Kiss1 ϩ/Ϫ embryos to implant in a Kiss1 Ϫ/Ϫ female is a maternal and not an embryonic defect.
The Kiss1/Kiss1r signaling system is expressed in the ovaries, oviducts, and uterus of mice Because implantation failure could be attributed to a maternal defect, the expression of Kiss1 and Kiss1r in the female reproductive tract was examined on day 4 (1:00 PM) using RT-PCR. The expression of Kiss1 and Kiss1r was demonstrated in the ovary, oviduct, and uterus of WT mice (Figure 3 ). Kiss1 expression, as expected, was absent from these tissues in the Kiss1 Ϫ/Ϫ mouse ( Figure 3A) . Uterine kisspeptin expression was also determined by immunofluorescence analysis ( Figure 3B ). Again, as expected, kisspeptin was not expressed in the Kiss1 Ϫ/Ϫ mouse (Figure 3B , panels vii-xiii). In the WT mouse, however, kisspeptin was detected at high levels throughout the endometrium ( Figure 3B , panels i-vi) and upon closer investigation was found to be strongly localized to the subluminal epithelial layer ( Figure 3B , panel v) and on the outside of the glandular epithelium ( Figure 3B, panel vi) .
Based on quantitative RT-PCR analysis of gene expression, relative to WT mice, Kiss1 Ϫ/Ϫ mice demonstrated a nonsignificant trend toward increased Kiss1r expression in the ovary (P ϭ .094) and a significant increase in expression in the oviduct (P ϭ .020) and uterus (P ϭ .023) ( Figure 3B ). Based on in situ analysis, we observed that in the WT uterus, Kiss1r is distributed to the distal face of the luminal epithelial layer ( Figure 3D , panel i), whereas in the Kiss1 Ϫ/Ϫ uterus, the distribution is more dispersed within the epithelial layer ( Figure 3D , panel ii Table 1 ).
Because both WT and Kiss1 Ϫ/Ϫ mice were chronically infused with kisspeptin for the same period of time (8 d) and WT mice became pregnant at a rate similar to WT mice receiving PBS, uterine Kiss1r desensitization could not account for the implantation failure in the Kiss1 Ϫ/Ϫ mice. To investigate this further, we determined whether hypothalamic Kiss1r displayed evidence of desensitization after 8 days of Kp-10 infusion. The ovariectomized mice (with effective gonadectomy demonstrated by low P4 levels, Supplemental Table 2 ) were infused with either Kp-10 or PBS for 8 days and then received a single ip injection of either PBS or 50 nmol Kp-10. The LH levels were significantly (P Ͻ .05) higher in the animals that received the Kp-10 ip injection, regardless of whether the baseline infusion was PBS or Kp-10 (Supplemental Table 2 ). Thus, assuming that the hypothalamic Kiss1r function is an appropriate surrogate for uterine Kiss1r function, we concluded that the chronic infusion of Kp did not desensitize Kiss1r.
Kiss1
؊/؊ and WT uteri are histologically similar We next examined whether the underlying cause of implantation failure was an anatomical defect of the Kiss1 Ϫ/Ϫ uterus. The uterine horns from 6-to 12-week-old untreated Kiss1 Ϫ/Ϫ females were threadlike as previously reported (4, 5) , whereas the horns from age-matched E2/ gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ and WT females were approximately 4 times larger in diameter (P Ͻ .001) (Figure 4 , A-C). Despite the difference in size, uterine anatomy between the WT and Kiss1 Ϫ/Ϫ mice was very similar (Figure 4, A-C) . The only striking difference detected was the greater presence of dilated blood vessels localized to the basal endometrium at the interface with circular smooth muscle layer (Figure 4 , C, E, and F). On higher-power images ( Figure 4F ), numerous tightly constricted arterioles are present, identified by surrounding vascular smooth muscle (black arrows). This suggests that the dilated structures (black arrowheads) are veins. The presence of increased numbers of these dilated endometrial vessels was not due to E2/gonadotropin priming/superovulation because uteri from the WT mice that had undergone the same treatment had fewer such vessels (Figure 4, B and D) .
The Kiss1
؊/؊ uterus remains partially responsive to the embryo and can undergo decidualization in response to an artificial stimulus Histological analysis clearly revealed that on the afternoon of day 5 in E2/gonadotropin-primed/superovulated WT mothers, WT embryos had implanted (n ϭ 5) ( Figure  4G ), whereas Kiss1 ϩ/Ϫ embryos had not (n ϭ Lif supplementation partially rescues implantation in hormone-primed Kiss1 ؊/؊ mice Because events upstream of implantation (ovulation, mating, fertilization, embryonic maturation, embryo orientation in the implantation chamber, and chamber closure) and downstream of implantation (decidualization) were all intact in E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ mice, these results collectively suggest that Kiss1 Ϫ/Ϫ mice lack a signal required for embryonic implantation. Because the Lif is essential for implantation in mice (19, (23) (24) (25) , we determined whether exogenous recombinant Lif, administered in conjunction with P4 and E2 to E2/gonadotropin-primed/superovulated Kiss1 Ϫ/Ϫ females, could rescue the implantation defect. Examination of Kiss1 Ϫ/Ϫ uteri on day 10 revealed no implantations in the five mice that received Lif 10 g and in one mouse that received Lif 17 g. However, in the two mice that received Lif 12.5 g, two implanted and two resorbed embryos were observed, whereas in two mice that received Lif 17 g, four implanted and one resorbed embryos were observed (Table 3 and Figure 5A ). Histological analysis of a cross-section of an implantation site (from a mouse that received Lif 17 g) revealed the presence of a developing embryo ( Figure 5B ). expressed Lif in the endometrium ( Figure 5D ) with high levels on the luminal face of the luminal epithelium ( Figure  5D , panels iii and ix), Kiss1 Ϫ/Ϫ mice exhibited noticeably lower levels of Lif in the glandular lumen ( Figure 5D , panels v and vi vs xii and xiii). Thus, it appears that, unlike WT mice, Kiss1 Ϫ/Ϫ secretes lower levels of glandular Lif on the afternoon of day 4.
Discussion
The infertility of Kiss1 Ϫ/Ϫ female mice has generally been attributed to their hypogonadotropic hypogonadism. We have now demonstrated that acute replacement of gonadotropins and estradiol can restore ovulation, mating, fertilization, and preimplantation development, but these mice are unable to achieve pregnancy, even after administration of progesterone and kisspeptin. This infertility arises from defective implantation, which is due to a maternal defect because embryos transferred to a WT mouse can implant successfully. The role of extrahypothalamic kisspeptin signaling in regulating reproduction has been largely recognized through indirect correlation, such as the rapid rise in plasma kisspeptin levels during pregnancy (9) and in vitro studies, such as those demonstrating kisspeptin regulates extravillous trophoblast adhesion and migration in culture (8, 10) . Our study is the first to provide direct evidence that extrahypothalamic kisspeptin signaling regulates reproduction using an in vivo model. Our study also identifies a previously unappreciated but very important relationship between kisspeptin and Lif in the mouse uterus. Lif is a member of the IL-6 cytokine family, which also includes IL-6 and IL-11. In the WT mouse, from day 1 to day 3 Lif mRNA is expressed in the uterine epithelium, whereas on day 4, the day of receptivity, Lif is transiently and exclusively expressed in glandular epithelia (19, (23) (24) (25) . Glandular Lif is then secreted into the lumen of the uterus in which it binds the Lif receptor/gp130 heterodimeric complex on uterine epithelial cells to phosphorylate and activate signal transducer and activator of transcription 3, thereby triggering the expression of a number of genes critical to implantation (25) . On the afternoon of day 4, we found that within the glandular lumen, Lif was more readily detected in the WT than Kiss1 Ϫ/Ϫ uterus. This suggests that uterine kisspeptin signaling regulates glandular Lif levels and activation of the Lif receptor/gp130/signal transducer and activator of transcription 3 pathway to thereby mediate embryo implantation. Reduced endometrial Lif levels may also be the result of a reduced number of uterine glands in the Kiss1 Ϫ/Ϫ mouse, as previously reported (4).
In the Lif supplementation studies, the fact that the rescue of implantation was only partial might be due to inadequate penetration of Lif to the sites of implantation. Alternatively, Kiss1
Ϫ/Ϫ female mice may lack other factors essential for implantation. To date, in mice and rats, a number of maternal factors have been demonstrated to be essential for implantation. These include estrogen, P4, cytokines including Lif, and growth factors including TGF-␤ and epidermal growth factor (26) . Surprisingly, although we could partially rescue implantation in Kiss1 Ϫ/Ϫ mice with Lif, we could not do so through chronic administration of Kp-10. Because Kp-10 is rapidly degraded in serum (27) , we might have failed to generate sufficient local concentrations needed to restore implantation. Future studies using intrauterine administration of Kp may overcome this potential issue. Our study adds to prior reports on the expression of the Kp/Kiss1r signaling system in the ovary and oviduct/fallopian tube (11, 28 -30) and is among the first to report on its expression in the uterus (11) . Based on these expression patterns, kisspeptin has been proposed to have direct roles in the ovarian regulation of follicular development and ovulation and in the prevention of tubal pregnancies resulting from premature and inappropriate implantation of embryos in the oviduct (11, 28 -30) . However, because we could rescue the defects in follicular development and ovulation in Kiss1 Ϫ/Ϫ mice by priming with estradiol followed by superovulation, the ovulatory defect of Kiss1 Ϫ/Ϫ mice can be attributed to their hypogonadotropic hypogonadism without the need to invoke a direct ovarian function of kisspeptin, although such a role is not entirely ruled out by the current results. Similarly, the fact that we did not observe implantation of embryos in the oviduct demonstrates that kisspeptin is not essential for preventing tubal pregnancies, although again a modulatory role cannot be excluded. Just as male and female Kiss1r Ϫ/Ϫ mice have abnormal sexual maturation, human patients with mutations in the kisspeptin signaling pathway also display an absence of or delayed pubertal development (1, 2, 6, 7, 31) . Patients with mutations in KISS1R have successfully achieved fertility with either exogenous GnRH or gonadotropins, but few data are available on the pregnancies of the few patients that have been reported. One female patient bearing homozygous L148S mutations in KISS1R achieved pregnancy through the use of exogenous gonadotropins (32) . The first pregnancy, a twin pregnancy, was lost at 6 months of gestation, raising the possibility that kisspeptin signaling is required for the maintenance of pregnancy. However, this patient was subsequently able to carry a singleton pregnancy to term (32) . As more patients with mutations in KISS1R are reported, closer examination of their gonadal structure and function, fertility, pregnancy course, and delivery will be required. Defects in uterine receptivity account for most preclinical pregnancy loss (33) . Although we acknowledge that there may be subtle to significant differences in the kisspeptin-dependent regulation of embryo implantation in the mouse vs the human, our study reveals a novel and critical role of kisspeptin signaling in the mouse and provides compelling reasons to explore this role in other species, including livestock and humans.
